What is already known about this subject?
► Crude measurements of the height of the membranous septum suggest a correlation to conduction damage following transcatheter aortic valve implantation (TAVI). However, the distance from the plane of the virtual basal aortic ring to the crest of the muscular septum (the presumed location of atrioventricular conduction axis) averages 2-3 mm, and is impinged much more frequently by aortic valve prostheses than is reflected by the incidence of permanent pacemaker insertion (PPI) or new left bundle branch block (LBBB) following TAVI.
What does this study add?
► Gross anatomical variation of the aortic root and its underlying support, including the dimensions of the membranous septum and the rotational position correlating to variability in the width of the central fibrous body, are not associated with the occurrence of either PPI or new LBBB following TAVI. TAVI valve type and depth of implantation are the primary procedural associations with conduction damage regardless of gross anatomical variation.
How might this impact on clinical practice?
► This observation may impact selection of the type of valve as well as its planned depth of implantation, and should inform future anatomical investigations in TAVI.
ABSTRACT
Objective Conduction damage following transcatheter aortic valve implantation (TAVI) remains common. Anatomical risk factors remain elusive. We assessed the impact of variability in the dimensions of the membranous septum and position of the aortic root on the occurrence of conduction damage following TAVI.
Methods The dimensions of the membranous septum, the rotational position of the aortic root correlating to variability in the central fibrous body width, and wedging of the aortic root were assessed on pre-TAVI CT datasets. The depth of implantation was measured from the final aortic angiogram. The variables were compared with the occurrence of both permanent pacemaker insertion (PPI) and left bundle branch block (LBBB) following TAVI.
Results Of 200 patients who met inclusion criteria (mean age = 81 years ± 7.7, 49% men), 20.5 % underwent PPI after TAVI. New LBBB occurred in 23.5%, 21.3 % of whom required PPI. Preprocedural right bundle branch block (OR = 7.00; CI 3.13 to 15.64), valve type (OR=2.35; CI 1.13 to 4.87), depth of implantation (OR=1.62; CI 1.01 to 2.61) and the difference between depth of implantation and the distance from the virtual basal ring to the inferior margin of the membranous septum (OR=0.61; CI 0.38 to 0.99) were all associated with PPI, with similar associations with LBBB. No gross anatomical variable alone was associated with conduction damage.
Conclusions Gross anatomical variation of the aortic root and its underlying support, including the membranous septum, were not associated with the occurrence of either PPI or new LBBB. Procedural characteristics associated with these adverse outcomes suggest that the depth of implantation and radial force of the bioprosthesis, regardless of gross anatomical variability, increase the risk for conduction damage.
IntROduCtIOn
Conduction damage and the need for permanent pacemaker implantation (PPI) remain common following transcatheter aortic valve implantation (TAVI). Despite a reduction in the general rates of PPI following TAVI with newer-generation valves, 1 the rates remain relatively high, 1 2 with some studies reporting an increased incidence with newer-generation valves. 2 This is of particular concern with respect to the extension of this therapy to younger patients deemed to be at lower risk. [3] [4] [5] CT assessment prior to implantation is the standard of care for procedural planning. 6 Studies assessing risk for conduction damage have pointed to the importance of the height of the membranous septum serving as a surrogate for the position of the atrioventricular conduction axis relative to the aortic root. In this regard, two recent studies, using a standard coronal plane, reported that the 'length' of the membranous septum, better termed its height, is a predictor for conduction damage following placement of either balloon-expandable 7 or self-expandable valves, 8 especially when compared with the depth of their implantation. 7 8 Previously reported methods used for assessing the height of the membranous septum are anatomically crude, measuring obliquely across this structure, including a variable portion of the overlying interleaflet triangle in the recorded dimension. 9 The clinically relevant measurement is that between the plane of the virtual basal ring and the inferior margin of the membranous septum, which we will describe as the 'inferior distance'. This corresponds to the estimated distance between the virtual basal ring plane and the atrioventricular conduction axis. It often measures only a portion of the height of the membranous septum, as there is considerable variation in the position of the membranous septum relative to the plane of the basal ring. 10 This measurement is much shorter than expected, 11 indicating that the inferior margin of the membranous septum and its junction with the crest of the muscular septum is likely impinged by the prosthesis in up to 90% of insertions. Considering the lesser frequency of PPI, 2 other variables are likely involved in producing conduction system damage. The impact of the dimensions of the membranous septum on conduction damage and the requirement for PPI, along with its inferior distance, when measured using an anatomically accurate method, remain unknown. 10 11 Other variations in aortic root morphology and its underlying support, including its wedging and rotational position, 11 12 could influence the risk of PPI following TAVI.
11
We aimed to determine the impact of the dimensions of the membranous septum, including its inferior distance, and additional anatomical variables when measured using anatomically accurate methods, on PPI requirement and the development of complete left bundle branch block (LBBB) following TAVI.
MetHOds study population
We analysed retrospectively CT angiographic datasets from 381 consecutive patients undergoing TAVI from December 2013 to December 2017 at The Christ Hospital in Cincinnati, Ohio. From this cohort, we excluded 181 patients. Of those excluded, 97 patients had undergone CT angiography using decreased contrast volume injected via the pulmonary arteries. This protocol is used for those with serum creatinine greater than 1.6, as previously described by our group. 13 The technique limits the quality necessary for accurate assessment of the membranous septum dimensions. A further 61 patients had undergone PPI prior to TAVI, 12 patients already had surgically inserted bioprosthetic valves and 11 patients were known to have congenitally bicuspid valves. The study involving the remaining 200 patients was approved by the institutional review board (IRB) of both the Christ Hospital Health Network and Cincinnati Children's Hospital Medical Center. The need for informed consent was waived per both IRBs.
Baseline demographics, clinical characteristics and procedural data Baseline preprocedural demographic and clinical information was recorded, including baseline left ventricular ejection fraction obtained on preprocedural transthoracic echocardiogram and comorbidities used to calculate the Society of Thoracic Surgery (STS) mortality risk score. Procedural information recorded included the type and size of valve deployed during the procedure, as well as the preprocedural and postprocedural rhythm and presence of bundle branch block prior to TAVI. Primary outcomes were the occurrence of PPI or new-onset LBBB following the procedure. Given that approximately 90% receiving PPI following TAVI will require this within 1 week after the procedure, and the majority of the remaining 10% will require this within 1 month after the procedure, 14 we reviewed all records for up to at least 6 months following the procedure.
Protocol for Ct angiography
All patients underwent electrocardiographically gated cardiac CT angiography, without dose modulation, using the Philips Brilliance iCT 256-slice CT scanner, and 80-120 mL of total intravenous contrast. Images were reconstructed at 35%, 40%, 45% and 75% of the R-R interval, with a slice thickness of 0.9 mm and 0.45 mm spacing. The tube voltage was 120 kV, and automatic current modulation was used. All subsequent processing was performed on the Vitrea workstation. Using multiplanar orthogonal reformatting, we measured the location of the virtual basal ring, the extent of rotation and wedging of the aortic root and the dimensions of the membranous septum at 40% of the R-R interval.
Ct and fluoroscopic angiographic measurements
The location of the so-called aortic annulus, better termed the virtual basal ring, which serves as the target structure for sizing of the inserted valve, was determined by joining together the nadirs of attachment of the semilunar hinges of the valvar leaflets, as previously described. 6 This permitted the calculation of its longest and shortest diameters, its area and its circumference. We then calculated an area-derived diameter, which was compared with the diameter of the inserted valve to show the extent of valvar oversizing. 15 The height and width of the membranous septum, as well as the distance between the virtual basal ring plane and the junction of the inferior margin of the membranous septum with the crest of the muscular ventricular septum, which we describe as the inferior distance, were measured using our previously validated methods (figure 1). 10 11 We then assessed the angle of tilting of the aortic root in the frontal and reformatted threechamber planes. 10 The extent of wedging and rotation of the root were measured according to previously validated methods. 11 12 The previously demonstrated correlation between deeper wedging and a shorter inferior distance 11 implies that patients with deeper wedging should have greater likelihood of more extensive impingement of the prosthetic valve below the plane of the basal ring, hence potentiating injury to the atrioventricular conduction axis and left bundle branch. We also showed that the central fibrous body, and related fibrous support of the aortic root, is broader when the aortic root is positioned in clockwise fashion compared with a central position, and even more so when compared with the counterclockwise positioned aortic root. It is unclear whether this variation increases the length of the atrioventricular conduction axis coursing immediately adjacent to the clockwise positioned root and, thus the potential risk of conduction damage. 11 The depth of the implanted valve was assessed from the final fluoroscopic aortic angiogram acquired after deployment, using the distance from the nadir of the non-coronary sinus to the lower edge of the frame of the valve stent. The inferior distance measurement of the membranous septum was subtracted from the depth of valve implantation (Δ inferior distance to implantation depth).
statistical analysis
Means and SD, and frequencies and percentages, were used to describe procedural, demographic and clinical characteristics. Independent samples t-tests and Fisher's exact tests were used to test for differences in baseline preprocedural demographic and clinical characteristics. ORs and 95% CIs for PPI and LBBB following TAVI were obtained via univariate logistic regression using the lrm function in the rms package. 16 Given the variation in the units of measurement, ORs for a unit increase equal to the IQR are presented for all continuous variables to aid interpretation. Potential non-linear associations were examined using restricted cubic splines. These were retained where the Wald test for the joint non-linear model terms was p<0.05. Multivariable models were fitted to obtain adjusted ORs for selected measures. Multicollinearity was assessed using the variance inflation factor and did not exceed 2.6 in any model. Sensitivity analyses were conducted restricting analyses to patients with balloon-or self-expanding valves and to those with no history of atrial fibrillation at baseline. Pearson correlations were used to describe associations between procedural characteristics. All statistical analyses were conducted using R V.3.5.0. 17 
Results

Baseline demographics, clinical characteristics and procedural data
The baseline preprocedural demographic and clinical characteristics for the 200 patients are shown in table 1. The mean age of the patients was 81 years±7.7, 49% being men, with a mean body mass index of 28.4±6 kg/m 2 . A permanent pacemaker had been inserted in 41 patients (20.5%), all within the first month and 40 within the first week following the procedure. This was because of high-degree atrioventricular block in 26 patients (63.4%), symptomatic bradycardia with lesser degree heart block associated with LBBB in 9 (22%) and symptomatic bradycardia in the dIsCussIOn Our study shows that preprocedural RBBB, the type of valve inserted, its depth of implantation and the Δ inferior distance to implantation depth were associated with both requirements for PPI and new-onset LBBB following TAVI. In contrast to prior studies, 7 8 no gross anatomical variable in isolation demonstrated any association with conduction damage. While the variables in this investigation found to be associated with conduction damage have been demonstrated previously, 7 8 18-22 our current study adds clarity by using anatomically accurate methods. These have demonstrated that neither variation in the height of the membranous septum nor the distance between the crest of the muscular ventricular septum and the virtual basal ring, which we deemed the inferior distance, nor the extent of aortic root wedging and rotation, impact on the risk of conduction damage following TAVI. These findings appear surprising, as it is intuitive to presume that the distance between the virtual basal ring and the crest of the muscular ventricular septum, which we described as the inferior distance, thought to reflect the presumed vulnerability of the atrioventricular conduction axis, should be an important consideration when valves are implanted in the aortic position. 23 Measurements of the height of the membranous septum in non-anatomical fashion had suggested a relationship to the occurrence of conduction damage. 7 8 Subsequent studies have raised questions regarding this association, 10 11 with the current study confirming the lack of relationship. While the average height of the membranous septum, when measured in an anatomically accurate fashion, is approximately 4-7 mm, the distance between the crest of the muscular septum and the virtual basal plane, is, on average, no more than 2-3 mm, consistent with the averaged measurement observed in our study. Considering the average implantation depth of 5.7 mm below the virtual basal ring, four-fifths of the valves implanted in our patients had impinged on the crest of the muscular ventricular septum. This fact contrasts with the relatively lower observed incidence of either PPI (20.5%) or new-onset LBBB (23.5%). It implies that other factors may influence the occurrence of the conduction disturbances. These could include the proportion of the atrioventricular conduction axis and proximal left bundle branch directly covered by the implanted valve, the depth of the atrioventricular conduction axis from the left ventricular endocardial surface, the extent of bulging of the muscular septum just beneath the membranous septum, and the presence and distribution of calcification. This is in addition to the fact that the origin of the left bundle branch often resides in a more superior position compared with the atrioventricular conduction axis ( figure 2) . 24 Of the one-fifth of patients in whom the implanted valve did not reach the crest of the muscular ventricular septum, 10% subsequently underwent PPI, and another 16% developed new-onset LBBB without high-degree atrioventricular block. It is intriguing that while the origin of the left bundle branch often resides above the plane of the virtual basal ring, 10 24 78% of Inferior distance, virtual basal ring to muscular ventricular septum height; Δ inferior distance to implantation depth, difference between inferior distance and valve implantation depth. OR and 95% CI estimated from logistic regression. OR for a comparison of the IQR (Q3 vs Q1). P value for the Wald test. *Model includes restricted cubic spline term with three knots placed at the 10th, 50th and 90th percentiles. Q1, quartile 1 (25th percentile); Q3, quartile 3 (75th percentile); RBBB, right bundle branch block; TAVI, transcatheter aortic valve implantation. cases in one study, 24 the incidence of new-onset LBBB in our patients is well below the incidence of the overlap of implanted prosthesis relative to the origin of the left bundle branch.
While neither the height of the membranous septum nor its inferior distance demonstrated a relationship with conduction damage following TAVI, we have confirmed the association with depth of implantation. Our methods also demonstrate the importance of the Δ inferior distance to implantation depth measurement. Neither of these associations persisted when only patients receiving PPI for the indication of high-degree atrioventricular block were considered. Nor did they persist when we excluded the mechanically expanding Lotus valve from our analysis. Our data support that the association of conduction damage following TAVI with the Δ inferior distance to implantation depth measurement is primarily driven by the depth of implantation, and not the measurement of the inferior distance. Variation in gross anatomical features of the aortic root and the membranous septum, therefore, are not the major determinants of conduction damage. The conduction damage observed, furthermore, cannot be ascribed exclusively to the leading edge of the prosthesis impinging on the atrioventricular conduction axis. Impingement over a significant distance may be required to produce damage ( figure 3 ). Both the increased occurrence of significant conduction damage following implantation of mechanically or self-expanding valves, which on average were implanted to a shallower depth than the balloon-expanding valves, and the lack of association of procedural characteristics (including the depth of implantation) with PPI following TAVI when excluding the mechanically expanding valve, further support the premise that it may be the radial forces on the conduction axis during implantation, more than the actual depth of implantation, regardless of gross ), such combined images help the interventionists appreciate the danger zone during transcatheter aortic valve implantation. Note that, when described in attitudinally appropriate terminology, the so-called 'anterior' and 'posterior' fascicles of the left bundle are more appropriate referred to as the superior and inferior fascicles respectively. 27 R, right coronary aortic sinus; N, non-coronary aortic sinus.
anatomical features, which increases the risk for conduction damage. The lack of an association with oversizing of the prosthesis in our study suggests that the force of expansion, rather than the diameter of expansion, imparts greatest risk. This hypothesis is supported by patient-specific computer simulations, which showed the degree of pressure, and the area of contact pressure over the presumed location of the atrioventricular conduction axis, rather than coverage of this area or deeper implantation, imparted the greatest risk of conduction damage following insertion of self-expanding valves. 25 The lack of any association with variation in the rotational position of the aortic root was an unexpected finding. This may suggest that the position and Figure 3 Representative cases with and without conduction damage after transcatheter aortic valve implantation superior panels demonstrate a case with left bundle branch block after implantation of Sapien 3. The virtual basal ring plane (white-dotted line) is located inferior to the membranous septum (white star), and the valve is implanted relatively deeper to the virtual basal ring. Inferior panels demonstrate a case without conduction damage after implantation of Sapien 3. The virtual basal ring plane (white-dotted line) is located superior to the membranous septum (white star), and the valve is implanted approximately at the level of the virtual basal ring. Significant distance is noted between the inferior edge of the valve and the crest of the muscular ventricular septum, where the proximal left bundle branch ramifies from the branching portion of the bundle of His (compare to figure 2). R, right coronary aortic sinus; N, non-coronary aortic sinus.
relationship of the atrioventricular conduction axis to the aortic root as well as its length does not vary with the variation observed in the width of the central fibrous body which itself relates to the rotational position of the aortic root. 11 Since the atrioventricular conduction axis commonly resides angulated relative to the plane of the virtual basal ring with the anterior part located superiorly and the posterior part located inferiorly, 24 it is intuitive that deep implantation increases the extent of the conduction axis impinged on by the valve. Given the relatively small cohort of self-and mechanically expanding valves, this variation deserves further investigation in considering the impact of contact pressure. 25 The variation in the breadth of the central fibrous body and the fibrous versus muscular support of the aortic root, nonetheless, may additionally impact the structural integrity of the aortic root before and after TAVI with consequent effects on bioprosthetic durability as well as the occurrence of paravalvar leak.
Our study highlights that the role of anatomical variability in the occurrence and progression of conduction damage remains unclear. Furthermore, although gross or macroscopic anatomical variability may not impact the occurrence of these adverse outcomes, the role of microscopic anatomical variability remains to be seen. A histological study assessing the course of the atrioventricular bundle over the crest of the muscular ventricular septum reported that, in 50%, the axis was located predominately to the right, with 30% having a leftward bundle and 20% having a superficial bundle positioned just below the endocardium. 24 Future studies are required to assess the impact of this variation on the risk for conduction damage following TAVI.
limitations Our study carries the inherent limitations of its retrospective design, with a relatively small cohort and low occurrence of assessed outcomes. Multiple types of bioprosthetic valves were implanted, and we excluded a high proportion of patients. The exclusion of patients with significant renal disease who underwent a low-contrast CT study makes our assessed cohort not generalisable to the global population undergoing TAVI. The extent and location of calcification within the aortic root and the landing zone for the valve were not assessed in this study. It is also the case that three-dimensional structures were assessed in two-dimensional fashion. The membranous septum often does not reside in a plane parallel to the virtual basal ring. 10 24 Measurement of its mid-portion, therefore, may not be representative of the shallowest or deepest aspect of its inferior margin.
COnClusIOn
We have shown that gross anatomical variations of the aortic root and its underlying support, including the dimensions of the membranous septum, are not associated with the occurrence of either PPI or new-onset LBBB. Preprocedural RBBB, the type of valve, specifically the mechanically expanding valve, the depth of implantation and Δ inferior distance to implantation depth were all associated with these adverse outcomes. It is the depth and radial force of implantation, regardless of gross anatomical variability, which is associated with the occurrence of conduction damage.
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